As many as 30% to 40% of locally advanced rectal cancer (LARC) patients experience metastatic progression of the disease. Recognizing the potential of the genetic cargo in tumor-derived exosomes, we hypothesized that plasma exosomal microRNA (miRNA) may reflect biological aggressiveness in LARC and provide new markers for rectal cancer aggressiveness and risk stratification. In a prospective LARC cohort (NCT01816607), plasma samples were collected from 29 patients at the time of diagnosis, before neoadjuvant therapy and surgery. Exosomes, precipitated from plasma using a commercial kit, were verified by cryo-electron microscopy, nanoparticle tracking analysis, and western blotting. Expression of exosomal miRNAs was profiled using a miRCURY LNA miRNA microarray and validation of six miRNAs associated with pathological and clinical end-points was undertaken in plasma collected at the time of diagnosis from 64 patients in an independent prospective LARC cohort (NCT00278694). In both cohorts, exosomal miR-141-3p and miR-375 were higher in patients with synchronous liver metastasis than in those without (P = .010 and P = .017 respectively in the investigative cohort, and P b .001 for both in the validation cohort). Further, high exosomal miR-141-3p was associated with post-operative metastatic liver progression in the investigative cohort (P = .034). Because both miRNAs are associated with tumor angiogenesis and immune modulation, we propose that these miRNAs in circulating exosomes may reflect rectal cancer aggressiveness and accordingly be candidate biomarkers for further investigations.
Introduction
A considerable number of rectal cancer patients experience poor disease outcome due to metastatic progression [1] , with the liver typically being the first distant organ affected, followed by the lungs [2] . Since total mesorectal excision became the standard surgical procedure in the mid-nineties and following the introduction of neoadjuvant therapy for the locally-advanced cases, systemic dissemination has remained the main challenge in rectal cancer management, with distant metastasis reported in approximately 30% to 40% of cases in recent trials [3] . For patients with locally advanced rectal cancer (LARC), defining tumors with threatened or involved margin to the planned resection planes or with extensive lymph node involvement in the pelvic cavity, neoadjuvant chemoradiotherapy (CRT) is given in an effort to enable complete surgical removal and reduce the probability of local recurrence [4] . Even though the selection of patients to undergo neoadjuvant treatment is stringent, the treatment responses are highly heterogeneous. Currently, the utility of markers to predict the effect of the neoadjuvant treatment is debated [5] and extensive efforts are invested in understanding the biological basis behind tumor aggressiveness and treatment response.
LARC patients presenting with distant metastasis at the time of diagnosis make up a sub-group of approximately 15% of the total population [6] . Although lung metastasis seem to be more frequent in rectal compared to colon cancer [7] , liver metastasis is considered more aggressive than its thoracic counterpart, and associated with considerably shorter life expectancy [2] . A circulating, stable marker of tumor aggressiveness and disease progression could improve diagnostic precision. Additionally, it could give insight into the underlying mechanisms involved in resistance to the established LARC therapy and the early dissemination of tumor cells to distant organs.
Exosomes, defined as extracellular vesicles measuring 30 to 150 nm, are secreted from cells for intercellular communication in normal and pathologic conditions [8] . Their cargo containing nucleic acids and proteins that are specific for the cells of origin, together with their high biological stability, contributes to their emergence as a rich source of biomarkers in cancer patients [8] . MicroRNAs (miRNAs) constitute a portion of the nucleic acid cargo of exosomes. Since they regulate the expression of target genes at the post-transcriptional level [9] , miRNAs are believed to have a profound impact on the pathogenesis of most, if not all, human malignancies [10] . Specific miRNAs have been found to regulate a variety of critical processes in tumor physiology including angiogenesis [11] and metastatic progression [12] .
In this study, we investigated associations between circulating exosomal miRNA at the time of diagnosis and patient-and tumorcharacteristics, as well as therapeutic outcome. We used an investigation cohort consisting of plasma samples collected at the time of diagnosis from 29 LARC patients who underwent neoadjuvant CRT or radiotherapy (RT) alone and corresponding specimens from an independent cohort of 64 LARC patients to validate the results.
Material and Methods
Patient Characteristics (Table 1) and Study Approvals
The investigation cohort consisted of 29 patients prospectively enrolled onto the OxyTarget biomarker study (NCT01816607) between October 28th 2013 and September 22nd 2015 (Table 1) . Patients were referred to neoadjuvant treatment consisting of either 1 week of short-course RT with daily 5-Gy fractions to a total dose of 25 Gy (n = 5) or long-course CRT with daily 2-Gy fractions over 5 weeks to a total dose of 50 Gy with concomitant capecitabine on days of RT (n = 24). In the latter group, one patient had RT only because of cardiac comorbidity. In the former group, one patient was considered to be in a palliative setting and received the local treatment to obtain local tumor control (Supplementary Figure 1) . Five OxyTarget patients in the investigation cohort presented with synchronous liver metastases.
The validation cohort consisted of 52 patients from the prospective non-randomized phase II study LARC-RRP (NCT00278694) and 12 additional patients from the OxyTarget study who were not previously analyzed. Nine LARC-RRP patients and all the OxyTarget patients in the validation cohort presented with synchronous liver metastasis. LARC-RRP patients received 4 weeks of neoadjuvant chemotherapy (the Nordic FLOX regimen, bolus 5-FU and oxaliplatin) followed by long-course CRT with concomitant oxaliplatin weekly and capecitabine on days of RT. [13] All of the 52 LARC-RRP patients underwent neoadjuvant treatment with curative intent, while only five OxyTarget patients in the validation cohort was found eligible for treatment with curative intent. These five patients were referred to neoadjuvant treatment consisting of either 1 week of short-course RT with daily 5-Gy fractions to a total dose of 25 Gy (n = 3) or long-course CRT with daily 2-Gy fractions over 5 weeks to a total dose of 50 Gy with concomitant capecitabine on days of RT (n = 1), and one patient was referred directly to surgery on both the primary tumor and the liver metastases. The remaining 7 OxyTarget cases were considered to be in a palliative setting and received local treatment to obtain local tumor control or systemic treatment when found unsuitable for surgery (Supplementary Figure 1) .
The resected primary tumor specimens were histologically evaluated according to standard criteria (ypTN-status) as well as tumor regression grade (TRG) [14] . TRG scores spanned categories from the absence of residual tumor cells in the resected specimen (pathological complete response) to the lack of morphologic signs of tissue response to treatment [14, 15] . The scoring system for the two cohorts was either the College of American Pathologists (CAP) scoring system [15] with TRG ranging from 0 to 3 was used (for the OxyTarget cases) or the system proposed by Bouzourene [14] with TRG ranging from 1 to 5 (for the LARC-RRP cases). TRG1-2 (Bouzourene)/0-1 (CAP) and TRG3-5 (Bouzourene)/2-3 (CAP) were considered as good and poor tumor responses, respectively. 
Blood Samples
Routine clinical blood samples were collected at study enrollment (the time of diagnosis), and were analyzed by the hospital laboratory according to custom procedures. At the same time, additional citrate plasma samples were collected for research purposes and were prepared according to standardized protocols with centrifugation at 2000 g for 10 minutes, then aliquotation and storage at −80°C until analysis.
Exosome Isolation and Characterization
Exosome isolation was conducted at Exiqon Services (Vedbaek, Denmark). Exosomes were precipitated from 500 μl plasma (investigation cohort) or 1000 μl (validation cohort; to improve stability of the analysis) using the miRCURY Exosome Isolation KitSerum and Plasma (Exiqon), according to the protocol. Additionally, three random samples from the investigation cohort were selected for characterization of the isolated vesicles. The exosomes were resuspended in 100 μl resuspension buffer and alliquoted for analysis with cryo-electron microscopy (cryo-EM), nanoparticle tracking analysis (NTA), and western immunoblotting. Procedures for exosome isolation and characterization have been described in detail previously [16] .
Exosomal miRNA Analysis
All wet-laboratory procedures were conducted at Exiqon Services. Total RNA was extracted from exosomes using the miRCURY RNA isolation kit -bio fluids (Exiqon), and stored at −80°C. For each sample, 10 μl (investigation cohort) or 2 μl (validation cohort) RNA were reverse transcribed in 50 μl (investigation cohort) or 10 μl (validation cohort) reactions using the miRCURY LNA Universal RT miRNA PCR, polyadenylation and cDNA synthesis kit (Exiqon). cDNA was diluted 50-fold and assayed in 10 μl PCR reactions; each miRNA was assayed once by qPCR on the miRNA Ready-to-Use PCR Human panel 1 (Exiqon; investigation cohort) or in triplicates in the miRCURY LNA Universal RT miRNA PCR Custom Pick and mix panel with assays for 14 human miRNAs (Exiqon; validation cohort), using ExiLENT SYBR Green master mix (Exiqon). UniSp2, UniSp4, and UniSp5 were used for RNA isolation controls, UniSp6 was used for cDNA synthesis control, and UniSp3 as a DNA spike-in for plate-to-plate variation control. Negative controls excluding the template from the reverse transcription reaction were included and treated identically to the patient samples. The amplification was performed in a LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland) in 384-well plates. The amplification curves were analyzed using the Roche LC software. All assays detected at 3 Cqs lower than the negative control were considered for further analysis; however, if an assay was found below the cut-off in at least 20% of the samples, all Cq values were included. For assays that did not yield any signal in the negative control, the upper limit of detection was set to Cq = 37. Normalization of sample readouts was performed with global mean [17] , using 44 miRNAs detected in all of the samples in the investigation cohort. Seven miRNAs which displayed high stability in the initial investigation were included in the validation analysis as references for calculation of the global mean.
In technical-validation experiments conducted at Akershus University Hospital, an equal amount of the RNA was reversely transcribed using miScript II RT Kit (Qiagen, Hilden, Germany) and analyzed using the miScript PCR Assay (Qiagen). The cDNA was diluted 20-fold and analyzed in triplicates in 10 μl PCR reactions. Primers used were miR-375 (MS00003507) and miR-23a-5p (MS00007336) as reference. The PCR reactions were run in 96-well plates using 7900 HT Fast Real-Time PCR system (Applied Biosystem, Foster City, CA, USA). Data normalization was performed using (normalizer assay Ct -assay Ct = dCt).
Statistical Methods
A panel of exosomal miRNA selected on the basis of known associations to cancer was chosen for analysis. Exosomal miRNA levels were correlated to the pathological and clinical characteristics of the patients using the Significance Analysis of Microarrays (SAM) software version 5.0, employing unpaired analysis and a false discovery rate cut-off of 10% [18] . Herein, differences in expression levels within the study population which were significant when separating according to Tumor (T) Node (N) Metastatis (M) status, ypTN status, and TRG score were highlighted on the basis of the individual miRNA's expression relative to the standard deviation (SD) of repeat measurements. The software handles any missing data by imputation using the K-nearest neighbor method [18] . The findings from SAM were verified individually using Student's t test to eliminate miRNA candidates with many missing values, using IBM SPSS Statistics for Mac version 25. Based on significantly different expression of exosomal miRNA according to M status and TRG score, a set of miRNAs from the investigation cohort was selected for further validation in an independent cohort (Supplementary Table 1) . Correlations between continuous data were determined by Pearson product correlation analysis after transformation to natural logarithms for symmetric distribution. Continuous data were described with mean and SD, and groups were compared using Student's t test or Mann-Whitney U test when groups with few cases were examined. Differences between categorical data were determined using Chi squared test. Sample size determination in the validation cohort was done by power analysis based on miRNA association with M-status as the most interesting finding (Supplementary Table 1 ). Associations between selected variables and progression-free survival (PFS) or overall survival (OS) were modeled with univariate Cox regression analysis, and results were expressed as hazard ratio with 95% confidence interval. P-values were adjusted for multiple testing using the Benjamini-Hochberg method. All tests were two-sided. P-values less than 0.05 were considered statistically significant.
Results

Exosomal miRNA versus Patient and Tumor Characteristics at Baseline
Of the initial 372 exosomal miRNAs tested in the investigation cohort, 44 were detected in all samples, with an average of 135 miRNAs per sample (Supplementary Table 2 and Supplementary  Table 3A) . Analysis with SAM uncovered 37 miRNAs with significantly altered expression according to N-or M-status, or TRG (Supplementary Table 1 ). Of these, six miRNAs with a strong probability of relation to M-status and TRG were verified using single parameter Student's t test (Supplementary Table 1 ).
The observed significant associations presented in Figure 1 show that high expression of miR-29a-3p and low levels of miR-301a-3p were found in patients with poor tumor response (TRG 2-3) to neoadjuvant therapy in the investigation cohort. Further, miR-141-3p, miR-375, miR-423-5p, and miR-431-3p were all found to be higher expressed in patients with synchronous liver metastasis. All six miRNAs were selected for validation along with seven miRNAs as reference for normalization.
In the validation cohort, of the initial 13 miRNAs on the array, 9 miRNAs were detected in all samples, with an average of 13 miRNAs per sample (Supplementary Table 2 and Supplementary Table 3B) . When correlating to pathological and clinical baseline parameters, two of the validated exosomal miRNAs, miR-141-3p and miR-375, showed similar and significant results in both of the two cohorts. A technical validation of one of the six miRNAs was conducted in ten patients in the investigation cohort. miR-375 analyzed with the miScript PCR system correlated with the miRCURY PCR system (R = 0.8623, P = .0028; Supplementary Figure 2) . Exosomal miR-141-3p was detected in 20 of the 29 cases in the investigation cohort and in all of the 64 validation cohort cases. For miR-375, the corresponding numbers were 24 of 29 and 63 of 64. In the investigation cohort, 18 patients had readable results for both miRNAs; two had results for miR-141-3p only and 6 for miR-375 only, adding up to a total of 26 patients eligible for inclusion in further analysis (Supplementary Table 2 ). No significant difference was found according to TN-status for either miRNA (Supplementary Table 4 ). Exosomal miR-141-3p and miR-375 expressions were higher in four patients presenting with synchronous liver metastasis.
Of the 64 patients in the validation cohort, 32 cases developed liver metastasis, where 21 cases were synchronous with diagnosis of the primary tumor. The association between synchronous liver metastasis and higher plasma exosomal miR-141-3p and miR-375 was confirmed in the validation cohort (Figure 1 and Supplementary Table 4 ). Receiver-operating curve analysis enabled the separation of patients with and without liver metastasis in the validation cohort with an area under the curve of 0.88 (SD 0.04) for miR-141-3p and 0.82 (SD 0.061) for miR-375. Table 2 shows that in the validation cohort, which was almost twice the size of the investigation cohort, both miR-141-3p and miR-375 were negatively correlated with blood lymphocyte count and bilirubin levels and positively correlated with lactate dehydrogenase levels. miR-375 was also negatively correlated with monocyte count. In addition, miR-141-3p correlated positively with aspartateaminotransferase and γ-glutamyl transferase, typically associated with liver metastasis, and carcinoembryonic antigen, indicative of unfavorable tumor biology.
Exosomal miR-141-3p and miR-375 versus Treatment Outcome
No significant association was found between histopathological treatment outcome and plasma levels of the two miRNAs in the two cohorts ( Figure 1 and Supplementary Table 4) . However, for longterm outcome, low exosomal miR-141-3p in the investigation cohort was associated with longer time to metastatic progression. This was not found in the validation cohort (Supplementary Table 5 ).
Discussion
Through miRNA profiling of exosomes isolated from LARC patients' plasma, we identified significant associations between several miRNAs and clinical traits associated with tumor aggressiveness. We selected a limited number of miRNAs for validation in an independent cohort, and verified higher plasma exosomal miR-141-3p and miR-375 in patients presenting with synchronous liver metastasis.
It has been shown that cancer cells secrete much higher quantities of exosomes than normal cells, which enables malignant cells to transfer oncogenic signals and promote tumorigenesis through interactions with other cell types locally and in distant organs [19] . Furthermore, it has been indicated that exosomes may carry genetic cargo, paving the way for circulating tumor cells to metastasize to distant organs [20] . Exosomes have been found to be highly stable and a rich source of biomarkers in biofluids [8] . Although many studies have presented findings from circulating miRNA, the ones detected in exosomes may be of special interest. Measurements of miRNA in exosomes provide higher stability and possibly more specificity towards the tumor environment than measurements directly in serum or plasma, probably due to the higher resemblance of the exosomal content with that of the cancer cells [21] .
High tissue miR-141-3p expression has been reported to target the phosphatase and tensin homolog (PTEN) [22] , which in turn results in activation of the phosphoinositide 3-kinase (PI3K)-Akt pathway [23] . Mutations in the PI3K-Akt pathway are frequent in human cancers [24] . This pathway is unique in the sense that every step of the pathway has been found to be either mutated or amplified in a broad range of cancers [24] . Elevated circulating levels of miR-141-3p have been shown to be associated with metastatic colorectal cancer development and adverse prognosis [25] , though also with opposite roles in tumors originating at other sites [26] . miR-375 tissue upregulation has been associated with inhibition of the PI3K-Akt pathway [27] and often exhibits a protective effect against metastasis [28, 29] . However, in spite of these conflicting findings, a simultaneous upregulation of these two miRNAs in circulation and tissues have been associated with the presence, aggressiveness, and treatment responsiveness in several malignancies [30] [31] [32] . As we have demonstrated here, when comparing LARC patients with or without liver metastasis, higher levels of circulating exosomal miR-375 and miR-141-3p were associated with metastatic disease. Elaborating on the role of miR-375 in PI3K-Akt regulation, Biton et al. showed that PTEN inhibition and subsequent PI3K-Akt activation resulted in an increase in miR-375 expression [33] . Chen et al. also demonstrated this mechanism, where miR-375 inhibited the yes-associated protein 1 (YAP1), a modulator of PTEN, and where miR-375 increased when YAP1 was blocked [34] . Furthermore, miR-375 upregulation has been found to inhibit autophagy [35] and reduce activity of tumor antigen-presenting dendritic cells [36] to promote an immunosuppressive environment in the tumor [37] . Studies also indicate that miR-375 is involved in inflammatory and neoangiogenic responses [38] . Taken together, it is tempting to postulate that the rapidly evolving environment of aggressive LARC increases the secretion of miR-141-3p [39] , which in turn upregulates the PI3K-Akt pathway [22] . This further leads to an increase of miR-375 [33] , which subsequently enhances the immunosuppressive environment [37] and lets the tumor escape immunosurveillance, as often seen in advanced cancers. This would be in line with the theory proposed by Kuttke et al. [40] , where a constitutional activation of the PI3K-Akt pathway leads to a shift of the immune cell populations towards a tolerogenic environment for the tumor. Consistent with the above, the immunosuppressive effect of the PI3K-activation is also supported by two recent studies by Kaneda and De Henau et al. [41, 42] . Interestingly, we have previously demonstrated an association between high activity of PI3K-Akt signaling in tumor tissue from several of the patients included in the current validation cohort and treatment resistance and long-term outcome [43] . In the same cohort, the release into the circulation of factors associated with proliferation and maturation of antigenpresenting dendritic cells during the induction neoadjuvant chemotherapy was associated with longer PFS [44, 45] .
An inverse correlation was found in the validation cohort between miR-141-3p and miR-375 and the blood lymphocyte and monocyte counts, further implying an association with patients' immune cell activity. Additionally, both miRNAs also correlated positively with lactate dehydrogenase, whereas miR-141-3p correlated with aspartate aminotransferase, γ-glutamyl transferase, and carcinoembryonic antigen, markers commonly associated with tumor evolution. Of note, there was an inverse correlation between miR-141-3p and bilirubin. An elevated bilirubin is often associated with the presence of and poor prognosis of liver metastases [46] , perhaps due to cholestasis and hyperbilirubinemia caused by metastatic masses obstructing intrahepatic biliary ducts [47] . However, studies have shown a protective effect of bilirubin against colorectal cancer [48] , and bilirubin seems to act as a crucial antioxidant in the cellular redox homeostasis [49] , which may explain this finding.
Conclusions
To summarize, we have presented and validated an association between elevated expression of miR-375 and miR-141-3p in plasma exosomes and the presence of synchronous liver metastasis in rectal cancer. However, our cohorts were small, and since there was no comparison to a disease-free cohort, it is difficult to conclude on the absolute level of expression of these miRNAs and the onset of metastasis. Both miR-141-3p and miR-375 have been shown to be involved in the regulation of the PTEN/PI3K-Akt pathway. Further supporting our findings, it has been demonstrated that synchronous elevation of these two miRNAs is a sign of aggressiveness in several cancer types, including prostate and breast cancer [30, 31] and osteosarcoma [32] . We propose that high expression of miR-141-3p and miR-375 in plasma exosomes from LARC patients may be markers of a specific tumor trait related to disease progression to the liver, and that these two miRNAs should be further investigated as candidate biomarkers of rectal cancer aggressiveness and systemic dissemination.
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